Abstract We studied the vegetation, testate amoebae and abiotic variables (depth of the water table, pH, electrical conductivity, Ca and Mg concentrations of water extracted from mosses) along the bog to extremely rich fen gradient in sub-alpine peatlands of the Upper Engadine (Swiss Alps). Testate amoeba diversity was correlated to that of mosses but not of vascular plants. Diversity peaked in rich fen for testate amoebae and in extremely rich fen for mosses, while for testate amoebae and mosses it was lowest in bog but for vascular plants in extremely rich fen. Multiple factor and redundancy analyses (RDA) revealed a stronger correlation of testate amoebae than of vegetation to water table and hydrochemical variables and relatively strong correlation between testate amoeba and moss community data. In RDA, hydrochemical variables explained a higher proportion of the testate amoeba and moss data than water table depth. Abiotic variables explained a higher percentage of the species data for testate amoebae (30.3% or 19.5% for binary data) than for mosses (13.4%) and vascular plants (10%). These results show that (1) vascular plant, moss and testate amoeba communities respond differently to ecological gradients in peatlands and (2) testate amoebae are more strongly related than vascular plants to the abiotic factors at the mire surface. These differences are related to vertical trophic gradients and associated niche differentiation.
to important concepts such as ecological niche and gradients [1] . However, most studies have focused on vascular plants or animals, while microorganisms and soil organisms have received less attention [2] . It has been argued that because of this, some important aspects of terrestrial ecology escaped attention [3] . For example, it was assumed that general theories derived from vegetation, such as peak diversity at intermediate levels of nutrients or disturbance would also be valid for, e.g. soil organisms, but this does not seem to be the case [4] . Generalized theories are however difficult to achieve because few studies included more than one taxonomic or functional group (e.g. vascular plants). This study is a contribution by focussing on both taxonomically and functionally contrasted groups of organisms in the same ecological gradients.
Peatlands are good model ecosystems to study the relationships among communities of different groups of organisms along ecological gradients. Ecologists, however, tend to infer ecosystem gradients and function in peatlands solely on the basis of the vegetation, which may be misleading because the gradients are usually complex and not correlated in a straightforward way [5] . Well-known is the clear gradient from nutrient-rich fen (ground-water fed, dominated by sedges) to ombrotrophic bog (nutrient-poor, Sphagnum dominated) [6] . In addition, a vertical gradient mostly exists between more acidic and the usually circumneutral mire surface and more nutrient-rich deeper layers [7] , which is largely due to the capacity of living Sphagnum to immobilise nutrients and acidify the water [8] .
This study focuses on three different functional groups: vascular plants, mosses and testate amoebae. Testate amoebae are good indicators of soil type, micro-environmental gradients and soil pollution [9, 10] and play important functional roles in the cycling of elements in terrestrial ecosystems [11] [12] [13] . They are thus suitable for the study of soil biodiversity and were for example used for the monitoring of peatland restoration [14, 15] . In peat, they are well preserved and thus provide an important archive for palaeoecology [16] . Testate amoebae depend very strongly on surface wetness (e.g. [9] and references therein), but they also respond to factors like water chemistry [17] [18] [19] [20] . Most ecological studies on peatland testate amoebae were done in ombrotrophic mire, which have relatively short hydrological and hydrochemical gradients. Also in ombrotrophic mire was the only existing study in which vascular plants, nonvascular plants, testate amoebae and water chemistry were explored together [21] . By contrast, fens and transitional mires were much less studied for testate amoebae in relation to water chemistry [17, 19, [22] [23] [24] [25] , and no single study ever addressed before the comparative response of testate amoebae and vegetation to the full fen-bog gradient.
This study addresses the general question of responses of contrasted groups of organisms to ecological gradients. For this aim, we studied the diversity and community structure of testate amoebae and vegetation in relation to water table depth and water chemistry along the full rich fen to bog gradient in the subalpine peatlands of a central Alpine valley. Questions are: how are testate amoebae, mosses and vascular plants related to measured water depth, pH and water chemistry, and how can we explain the found relationships?
Study Sites
The study sites are located between 1,810 and 1,864 ma.s.l. in the Upper Engadin valley, SE Swiss Alps (Fig. 1 , Table 1 ). This area is sub-continental, with relatively dry Figure 1 Location of the study sites in Upper Engadin, south-eastern Switzerland summers, contrasting with the sub-Atlantic western and northern part of the Swiss Alps. The actual timberline is at ca. 2,100-2,250 m elevation, with scattered trees up to the potential timberline at 2,400 m. The forest trees are Larix decidua and Pinus cembra growing up to 2,400 m and locally Picea excelsa up to about 2,000 m. In moist depressions and on dry mire grows Pinus montana (mountain pine; erect form of Pinus mugo).
All sampling sites are in mire vegetation. The main mire sampled is Mauntschas, a Sphagnum mire at the valley bottom surrounded by natural (but managed) subalpine forest. This mire includes a broad range of peatland habitat types such as minerotrophic transitional mire, sloping fen, and mountain-pine bog. Locally, the floristic composition indicates the influence of calcium-rich spring water (e.g. Primula farinosa), whereas other places seem ombrotrophic with hummocks of Sphagnum fuscum with Oxycoccus sp. and Andromeda polifolia. Some higher and therefore drier parts of the mire are dominated by S. fuscum and are covered by mountain-pine forest.
The other sampled peatlands represent various trophy and vegetation types. Maloja mire lies on the side of the valley bottom and is surrounded by non-natural (planted) Pinus mugo forest. This oligotrophic poor fen is dominated by Sphagnum fallax, Carex rostrata, and Eriophorum angustifolium. Inn Fen is a peaty meadow along the river Inn, dominated by sedges and with scattered Alnus incana and Salix; the samples are mainly vascular plant detritus. The mires of Lej da Staz, Lej Marsch, and Lej Nair lie adjacent to small lakes (Lej=lake) at or close to the valley bottom and are surrounded by managed natural subalpine forest. Lej Marsch and Lej da Staz mires represent typical examples of terrestrialization with floating Sphagnum mats near the lakeshore and more stable peat closer to the surrounding upland forest, and sampling was done in transects along this gradient. Lej Nair mire is a calcareous sloping fen with very rich vegetation with e.g. Campylium stellatum.
Methods

Field Sampling and Laboratory Treatments
All field sampling was done within three consecutive days in August 2007. At each of the 97 sampling sites GPS coordinates were determined, a sample was collected for the study of testate amoebae, mosses, and water chemistry the depth to the water [28] . Conductivity was corrected for pH (Sjors 1950) . Samples for testate amoebae were stirred in warm water (ca 40°C) and washed over sieves of 20 and 300 μm mesh. The fraction 20-300 μm was used for the analysis. The testate amoebae were identified and counted at ×200 and ×400 magnifications by ŁL under the direct supervision of ML. Eighty-four samples yielded full data and were thus used for numerical analysis; the remaining few had insufficient volume for chemical analysis and/or yielded too low numbers of testate amoebae. The identification of testate amoebae aimed at the highest possible Tables 2 and 3 ). The numerical analysis was carried out using the software R version 2.8.1 [32] . Correlation coefficients of taxonomic richness among the biotic data-sets (testate amoebae, vascular plants and mosses) were calculated, and the patterns of taxonomic richness were analysed along the gradient of extremely rich fen to bog.
Multiple factor analysis (MFA), a method that seeks for common structures among data matrices, was applied to the data-sets of testate amoebae, vascular plants, mosses, vegetation (vascular plants and mosses together) and water chemistry in order to assess the general structure of the data and to determine the relationships among the data-sets [33] . The data-set "vegetation" was created for easier comparison of the results with results published elsewhere. Hellingertransformation [34] was applied to the data-sets of testate amoebae, vascular plants and mosses, as this alleviates the double-zero problem in the principal components analysis (PCA) that forms part of MFA.
Site scores of a global PCA were used for cluster analysis according to Ward, and the resulting dendrogram was projected in the MFA ordination space. We classified the peatland types on the basis of the position of sample in the first two axes of the MFA ordination.
Direct gradient analysis (RDA) was applied on Hellingertransformed data-sets of testate amoebae, vascular plants and mosses, and this was repeated in a run in which vascular plants and mosses were combined in one data-set 'vegetation'. Explanatory variables were water table depth, pH, the three water chemistry variables (conductivity, Ca and Mg) and sample scores on the first four axes of separately performed detrended correspondence analyses (DCA) on the data-sets of testate amoebae, vascular plants and mosses. These four axes together explained 34%, 27% and 26% of the variation, respectively, for the testate amoeba, vascular plant and moss data-sets. This analysis enabled us to assess the relationships between the biological and environmental data-sets and to quantify the proportions of variance in the biological data-sets explained by water table depth, water chemistry and both together using variance partitioning [35] . Adjusted R 2 was used in all RDA as an estimate of the proportion of explained variance, as non-adjusted R 2 (used in many comparable ecological studies) is not comparable among data sets with different numbers of explanatory variables [36] . The analysis was repeated with the testate amoeba data transformed to presence/absence, in order to exclude any bias due to the presence/absence character of the vegetation data. The relationships between vegetation and environmental data was studied in two ways, once carrying out the analysis with vascular plants and mosses combined in one data-set, and once again with the two datasets separate, as was done in a previous study on five Sphagnum peatlands in Europe [37] . The variance partitioning of testate amoebae, vascular plants and mosses was repeated against a different set of explanatory variables, namely the sample scores on the first four axes of DCA of the other two biotic variables (e.g. for testate amoebae, the explanatory variables used were the DCA sample scores for axes 1-4 of vascular plants and of mosses).
Results
Water Table Depth and Hydrochemistry
Although the total of studied sites covers long ecological gradients, a large proportion falls in a short part of the gradients, as follows: DWT ranges from −20 to 76 cm, but most samples are between 0 and 18 cm; water pH covers 3.6 to 7.1, but is mostly 4.0 to 6.0; conductivity is 31.6-3,503 μS, but mostly <600 µS; Ca is 0.08-176 mg/l, but mostly <50 mg/l; and Mg is 0.03-59 mg/l, but mostly <12 mg/l (Electronic supplementary material, Table 1 ).
All pairs of environmental variables are strongly and significantly correlated (Electronic supplementary material, Fig. 1 , Table 2 ). DWT is negatively correlated with all other variables but the correlation coefficient (r) is always lower than for any pair of chemical variables, and a threshold of DWT=20 cm is observed above which any correlation with chemical variables disappears. All pairs of chemical variables are positively correlated, strongest between Ca and Mg (r=0.9) and between Ca and conductivity (r=0.8).
The correlation patterns among measured environmental variables on the scatter plots (Electronic supplementary material, Fig. 1 ) generally fit well to the micro-habitats as described in the field (based on vegetation and topography). In all scatter plots, the hayfield and wet brown-moss sites are located at the highest end of the gradient, and the Sphagnum-brown-moss transition sites are in the middle of the gradient. However, the lowest values of Ca, Mg, conductivity and pH are in moderately wet Sphagnum lawn rather than in the driest sites (hummocks). The poor-rich gradient is best illustrated by pH and log-transformed conductivity. A bimodal distribution is observed for pH, and also for Ca and Mg that form two clusters. The first cluster includes mineral-rich habitats dominated by vascular plants and brown-moss and the second cluster includes mineral-poor Sphagnum-dominated sites.
Species Richness Patterns Figure 2 shows the patterns of diversity (taxon richness) per sample and the overall diversity per habitat type for testate amoebae, mosses and vascular plants. It is based on cluster analysis of site scores of a global PCA projected on the ordination plot of the MFA of vegetation, testate amoebae and environmental data, which divided the ecological gradient into four habitat categories (shown in Fig. 3 , explained in more detail below). Diversity of Figure 2 Species richness of vascular plants, mosses and testate amoebae along the trophy gradient, per sample (left axis; grey symbols, bars on graph indicate +/−1 SE) and per habitat type (right axis, black symbols). Different letters next to the grey symbols of a group indicate significance of average species richness difference among habitats (independent t tests) Figure 3 Ordination plot of sites from the multiple factor analysis based on vegetation (presence/absence data), testate amoebae (percentage data), and environmental variables (water table depth and water chemistry) with projection of groups resulting from a cluster analysis made with Ward's method vascular plants is lowest in extremely rich fen (6 taxa in total), which was usually strongly dominated by a single sedge taxon, but high and comparable in the other three habitats (25 or 26 taxa). The pattern for mosses is opposite with highest diversity in the extremely rich fen end of the gradient (28 taxa) and declining towards the bog (9 taxa in rich fen, eight in poor fen, and six in bog). Testate amoeba diversity peaked in rich fen (80 taxa) was lowest in bog (25) and intermediate in extremely rich fen and in poor fen (53 and 54, respectively).
Average vascular plant diversity increased less clearly but significantly from 2 taxa per site in extremely rich fen to 5.1 in bog. For mosses, the significant decrease from extremely rich fen (7.2 taxa per site) towards bog (1.3) was very similar to the trend of overall diversity. For testate amoebae, diversity per sample was maximal in extremely rich fen (22.2 taxa per site) and rich fen (23.9) and not significantly different between these two, but declined significantly towards poor fen (12.7) and again towards bog (7.8).
Ecological Gradients and Correlations Among Testate Amoebae, Vegetation and Environmental Variables
In Fig. 3, dimension 1 of the MFA explains 16% of the variance and shows a wetness and trophic gradient. From left to right the water table increases and the four main habitat types are passed: mesotrophic Sphagnum bog; moderately wet Sphagnum lawn; wet brown-moss lawn; and extremely rich fen. The pattern in Fig. 3 reminds of the 'horse-shoe' effect common in PCA and CA when the data are dominated by a strong gradient. The sites near the plot margins represent the two extremes of the poor-rich gradient, e.g. site M84 (rich meadow) and M54 (eroded raised bog; DWT=70 cm).
In the first MFA (Table 3) , the highest correlation coefficient is observed between environmental variables (DWT and hydrochemistry) and testate amoebae (r=0.57). By contrast, the correlation between vegetation and environment is much weaker (r=0.29). This pattern is the same when presence/absence testate amoeba data are used rather than percentages (Table 3) . When the vegetation data is split into vascular plants and mosses, the highest correlation is still between testate amoebae and environmental variables, regardless of whether presence/absence or percentages are used (Table 3) . Neither mosses nor vascular plants are strongly correlated to environmental variables, and testate amoebae are more strongly correlated to mosses than to vascular plants.
In Table 4 , the first series of RDA shows the proportion of taxon data explained by each explanatory variable taken individually. This proportion ranged between 2.3% and 20.4% for environmental variables (all were significant) and between 1.3% and 15.8% for biotic variables (sample scores of DCA axes on moss, vascular plants or testate Variance partitioning between water table depth and water chemistry variables shows that between 2.1% and 6.0% of the taxon data were explained by DWT and water chemistry jointly (Table 5) . Therefore, when the water chemistry data was used as a covariable, DWT explained only between 2.9% (for mosses) and 6.4% (testate amoebae percentages). Likewise, when the DWT data were used as a covariable, water chemistry explained only between 3.2% (vascular plants) and 17.9% (testate amoebae percentages). The shared variance ranged between 17.4% (mosses) and 25.2% (testate amoebae presence/absence) of the total variance explained by all biotic variables. According to Table 6 , RDA variance partitioning among groups of variables showed that vascular plants had the lowest correlation with all other abiotic variables, followed by mosses, and topped by testate amoebae (higher for percentages than for presence/absence). DCA sample scores of mosses explained a higher fraction of testate amoebae than of vascular plants, while DCA sample scores of vascular plants explained a similar fraction of mosses and of testate amoebae. DCA sample scores of testate amoebae explained less of the variance of vascular plants than of mosses. The total variance explained by the combined environmental variables and two biotic sets of was lowest for vascular plants, intermediate for mosses and testate amoeba presence/absence data and highest for testate amoebae percentages.
Discussion
Mire Hydrology and Hydrochemistry
In our main study site Mauntschas mire, abundant plants indicative of minerotrophic conditions co-occur with [38] . Minerotrophy indicators dominate most of the mire surface, being absent only in some of the driest and highest parts. Some authors explained the presence of minerotrophic plants in Mauntschas mire by deposition of wind-blown dust transported from non-forested areas above the tree line on an otherwise rain-fed bog [39] , but our field observations strongly suggest that minerotrophic groundwater and runoff influences the vegetation and thus we consider the mire as a minerotrophic fen [40] . Some other mires in this study are oligotrophic, and possibly ombrotrophic, also in their wetter parts. Species Richness Patterns Patterns of taxon diversity clearly differed among the three groups of organisms studied. Testate amoebae had their highest diversity in rich fen. Extremely rich fens had a relatively low diversity of vascular plants and to some degree also of testate amoebae, but a high diversity of mosses. Our plot size (0.5 m 2 ) is somewhat small for estimating the diversity of vascular plants in habitats where the plants are large and clonal such as in extremely rich fen, but it was the best compromise for this study as using a larger surface would have meant including different microhabitats in the bog-end of the gradient (e.g. isolated hummocks as well as the surrounding brown moss lawns).
Previous studies on plant diversity along the bog-fen gradient revealed a broad range of contrasting patterns including: highest plant diversity (vascular and mosses combined) in rich fens [41, 42] , highest vascular plant diversity in rich fen [43] , highest vascular plant diversity in moderately rich fen [44] , no clear pattern for moss diversity (Vitt 1995 [43] ), contrasting patterns of moss diversity versus pH within five peatland types [45] and lower diversity of vascular plants + mosses on frost mounds than in bogs and lawns [46] . Not many studies exist on testate amoeba diversity along the poor-rich and surface-wetness gradients. Heal [22, 23] conducted two such studies along the fen-bog gradient in the UK. In the first study of eight peatlands, Heal [22] recorded ca. 30 taxa on average in fen, but only 19 in bog. In the second study of six peatlands, Heal [23] recorded the highest testate amoeba diversity in fen (ca. 30), the lowest in bog hummocks (ca. 21) and intermediate diversity in bog pools (ca. 25). Mazei et al. [47] observed a strong effect of moisture on testate amoeba diversity in a Sphagnum bog: the diversity was lowest (3 taxa) in the driest habitat and higher in intermediately humid habitats (ca. 15). By contrast, Opravilova and Hajek [42] did not find any correlation between testate amoeba diversity and the poorrich gradient.
Our results agree well with most of these observations, suggesting that Sphagnum peatlands, although an appropriate habitat for testate amoebae, is not the habitat where their highest diversity is found. As a result of the contrasting patterns in our data, we observed a significant though not very strong correlation between moss and testate amoebae diversity across the full gradient from extremely rich fen to bog. The observations in literature quoted above fit in this pattern, but to our knowledge this relationship has not before been demonstrated in a single study. It may in this context be relevant that the testate amoebae/moss diversity correlation is in our data stronger than the moss/vascular plant diversity correlation. This suggests that testate amoebae and mosses depend on similar abiotic factors and/or that biotic interactions between these two different functional groups shape their respective community structure. The lower correlation of diversity between mosses and vascular plants is an indication that these two functional groups are influenced by partly different sets of environmental factors [48] and/or that the biotic interactions between them are weaker than between mosses and testate amoebae. A key factor must be the water and nutrient transport that is active in vascular plants but mainly passive in the other two groups. The observed patterns are in agreement with the influence of vertical trophic gradients on the structure of plant and microbial communities in mires [37] . Further discussion of these relationships in the light of RDA results follows below.
Ecological Gradients and Correlations Among Testate Amoebae, Vegetation, and Environmental Variables MFA confirmed the existence of a main ecological gradient and the validity of splitting this gradient into the four categories of extremely rich fen, rich fen, poor fen and bog.
In direct gradient analysis (RDA) with single explanatory variables (Table 5) , those showing the strongest correlation with taxon data were either DWT (with vegetation and with vascular plants) or pH (with mosses and with testate amoebae). Further, Ca was important for mosses and especially for testate amoebae. This study therefore agrees with numerous earlier studies in identifying pH and water table depth as important factors shaping the structure or vascular plant and moss communities [43, [49] [50] [51] [52] [53] [54] [55] . For testate amoebae, water table depth is generally considered the most important, but stronger correlations with pH have also been reported [9, 25] .
Our results show that vascular plants and mosses respond differently to the hydrological and hydrochemical gradients (Tables 4 and 5 ). In the RDA on vegetation data (vascular plants and mosses combined), environmental variables explained only 11% of the variance. However, separate analyses resulted in an even lower correlation for vascular plants (10%) but a significantly higher correlation for mosses (13.4%). The ranking was also different: water table depth was more important for vascular plants, and pH for both mosses and for testate amoebae (see below). As in a previous study [37] , Ca was more important for mosses than for vascular plants, in agreement with the role that Ca plays in the competition between brown-mosses and Sphagnum [56] .
Mosses and vascular plants are affected by different sources of water even when they are growing together; mosses may experience ombrotrophic conditions at the mire surface while vascular plants still may have access to minerotrophic water deeper in the peat. This is clearly shown when we compare the results of this study to those of Mitchell et al. [21] . In the latter, the water for chemistry measurement was collected close to the water table deeper in the peat, and the vascular plant data were more strongly correlated than the moss data to the water chemistry. In the present study, on the other hand, the water for chemistry measurement was extracted from the mosses themselves, and the correlation between the mosses and water chemistry was higher than between vascular plants and water chemistry. In agreement with these observations, Hajkova et al. [43] found in a study of a rich fen-bog gradient in the Carpathian Mountains that in 84% of the sampling sites the pH was higher in groundwater than in water squeezed from mosses. They also found that the vascular plants were primarily related to groundwater chemistry and the mosses to the chemistry of the water squeezed from them. Kohzu et al. [57] found further evidence for this vertical gradient along a fen-bog gradient in Japan: stable isotopes provided clear differences in the 15 N content of twelve vascular plant species in relation to rooting depth, indicating that deeperrooted plants access N from deeper peat layers. These different studies all illustrate the importance of vertical trophic gradients in peatlands and how this gradient leads to life-form niche separation.
The horizontal and vertical pH gradients in peatlands are also key component of ombrotrophication; autogenic succession can lead to development of Sphagnum hummocks and ultimately to raised-bog formation [58] . Once established, Sphagnum is able to modify the chemistry of surface water [8] . Consequently, rich fens with patchy Sphagnum-dominated vegetation are under mixed influence of allogenic cation input by water of high pH flowing in from the catchment and autogenic change by Sphagnum lowering the pH and cation concentrations. A rise in groundwater table would increase the minerotrophic influence, favouring rich fen at the expense of ombrotrophic bog. Alternatively, during periods of lower groundwater the minerotrophic influence is also low, thus giving competitive advantage to Sphagnum and other bog species. Such patterns have repeatedly been observed in palaeoecological records [59] [60] [61] .
Only few Sphagnum taxa such as Sphagnum Sect. Subsecunda and S. warnstorfii are able to survive under (moderately) mineral-rich conditions, whereas others, among which S. fuscum, need mineral-poor habitats [62] . It is therefore surprising that in several mires in the Upper Engadine S. fuscum seems to persist under a variable influence of minerals. The S. fuscum hummocks in Mauntschas mire are surrounded by brown-moss lawn and locally even by Scorpidium scorpioides. Although the latter has been shown to occur in a variety of habitats depending on the biogeographical location [63] , it is generally considered as indicative of Ca-rich water, and indeed in our Upper Engadin data set its optimum was at 60 mg/l Ca 2+ (Lamentowicz et al., in preparation) . S. fuscum hummocks may develop in rich fens and stratigraphic analyses of such "miniature bogs" reveal a sharp transition from rich fen to bog vegetation [64] .
The next challenge will be to understand more precisely which factors control the different communities and what the underlying mechanisms are. This will on the one hand require more detailed descriptive studies including seasonal and spatial patterns, on the other hand manipulative experiments to test the effect of different variables aiming to avoid confounding factors such as covariation between water table depth and pH.
